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over the rough in swimming motility. To test this, we assessed the motility behaviors of 174 rough and smooth colony isolates. Surface motility of "wild-type" (i.e. undifferentiated by 175 colony morphology) R20291 is characterized by initial (~ 24 hours) growth restricted to 176 the site of inoculation of an agar surface, then spreading tendrils of growth between 24 177 and 96 hours (36). Type IV pili contribute to surface motility, so the non-piliated pilB1 178 mutant was included as a control (35, 36) . In this assay, bacteria isolated from rough phase variation, we sought to identify the underlying mechanism. To date, the only 197 known phase variation mechanism in C. difficile involves site-specific DNA 198 recombination resulting in a reversible DNA inversion that is known or predicted to 199 impact gene expression in cis (28) . We postulated that one of the seven known 200 invertible sequences regulates the expression of genes involved in colony morphology 201 development, which would be evident as a correlation between the orientation of the 202 invertible sequence and colony morphology ( Figure 3A ). To test this idea, we 203 differentiated rough and smooth populations and analyzed the orientation of the 204 "switches" in these isolates using qPCR with orientation-specific primers. For six of the 205 switches, no correlation between morphology and sequence orientation was observed 206 ( Figure 3B ). However, the orientation of the invertible element Cdi6, which is upstream 207 of the operon CDR20291_3128-3126, showed a strong correlation with colony 208 morphology (28, 30). Each of four independently isolated rough populations contained 209 the sequence predominantly in the "on" orientation previously determined to favor gene 210 expression, while each of the smooth populations contained the sequence 211 predominantly in the inverse "off" orientation (28). CDR20291_3128-3126 encodes a 212 putative phosphorelay system consisting of two predicted response regulators and a 213 predicted histidine kinase (28). Accordingly, we named the operon colony morphology 214 regulators RST, where cmrR and cmrT encode the response regulators and cmrS 215 encodes the histidine kinase, and refer to the Cdi6 invertible element as the "cmr 216 switch". The cmrRST locus and its upstream regulatory region containing the cmr switch 217 are present in all 65 complete C. difficile genomes available on NCBI with > 96% identity at the nucleotide level. This high conservation across diverse ribotypes indicates 219 that this regulatory system, as well as the ability to control its production through phase 220 variation, is important for C. difficile fitness.
221
A c-di-GMP binding riboswitch (Cdi-2-2) lies 5' of cmrRST and the invertible 222 sequence and positively regulates expression of the operon ( Figure 3A ) (39, 41).
223
Additionally, rough and smooth colony morphotypes exhibited inverse swimming and 224 surface motility phenotypes, which is characteristic of c-di-GMP regulation (36, 43).
225
Therefore, we hypothesized that c-di-GMP regulates C. difficile colony morphology.
226
Using a previously described strategy, intracellular c-di-GMP was increased or colonies. However, for the wild type and CmrR-D52A mutant, comparable levels of inducer (4 ng/mL ATc) resulted in rough colonies; this may be due to the need for an 265 activating signal that is absent in these assay conditions. That the inactivating mutations 266 did not abolish CmrR and CmrT function suggests that phosphorylation is not required 267 for the activity of these response regulators if they are expressed at high levels.
268 Because CmrR and CmrT promoted the rough colony morphotype, we examined 269 the requirement of cmrR and cmrT in rough colony formation. Individual in-frame 270 deletions of cmrR and cmrT were generated in C. difficile R20291. The mutants and 271 undifferentiated wild-type R20291 parent were grown on BHIS-agar to allow selection of 272 rough colony isolates from the edges (as in Figure 2 ). While the parent strain and cmrR 273 mutant formed both rough and smooth colonies, the cmrT mutant did not form rough inactivating alanine substitutions resembled the wild-type allele, suggesting again that 294 high levels of expression overcome the need for phosphorylation ( Figure S3 ). However, 295 as seen with colony morphology ( Figure S2 ), the cmrR-D52E allele increased surface 296 motility and decreased swimming motility at lower levels of induction relative to the wild-297 type allele, suggesting that the amino acid substitution increased activity ( Figure S3 ).
298
Expression of cmrR or cmrT did not alter transcript levels of representative flagellum or 299 TFP genes ( Figure S4 ), suggesting that the observed differences in surface and 300 swimming motility occur through post-transcriptional regulation or through an alternative 301 mechanism.
302
To further define the role of cmrRST, the cmrR and cmrT mutants and relevant 303 controls were evaluated for surface and swimming motility. In both assays, the cmrR cmrT mutants were assayed for biofilm production in rich medium on plastic as 345 described previously (36, 37). The cmrR mutant showed significantly increased biofilm 346 formation compared to the rough isolate, while the cmrT mutant showed no significant 347 difference ( Figure S5 ), indicating that CmrR negatively regulates biofilm formation. Figure 7B ).
372
However, we observed no correlation between bacterial load and disease onset or 373 severity. The number of ΔcmrR CFU was never above the limit of detection in feces of 374 infected animals ( Figure 7B ), though C. difficile was detected in the cecum of the 375 ΔcmrR-infected hamster that became moribund (data not shown). These data indicate 376 that CmrR, but not CmrT, is important for the ability of C. difficile to colonize the 377 intestinal tract and cause disease in the hamster model. Importantly, the mutants do not 378 produce lower levels of TcdA toxin than rough and smooth isolates in vitro, suggesting that the virulence defect of ΔcmrR occurs through a toxin-independent mechanism 380 ( Figure S6 ).
381
Based on this result, we would have expected the smooth isolate (CmrRST "off") 382 to be attenuated compared to the rough isolate (CmrRST "on"). While hamsters infected 383 with the rough isolate all succumbed to disease, 33% of hamsters inoculated with the 384 smooth isolate survived, suggesting moderately lower virulence of the smooth isolate 385 ( Figure 7A ). However, this difference did not reach statistical significance as the survival 386 times of hamsters that became moribund were not significantly different (P = 0.112, log-387 rank test), and both isolates were able to colonize ( Figure 7A, B) . 388 We considered the possibility that the rough and smooth isolates, though chosen 389 based on distinct colony morphologies, are "wild-type" and capable of phase variation. Finally, this and other recent work underscores that genetically clonal C. difficile 514 strains, as well as isogenic mutants, may differ phenotypically due to phase variation.
515
The seven sites of site-specific DNA recombination in the C. difficile genome can be 516 inverted independently, and this study shows that in vitro culturing conditions can change the biases of switch orientations in the overall population. From a research 518 standpoint, this can introduce significant variability into otherwise controlled 519 experiments. This concern may be especially significant in infection studies, where 520 differences in switch biases in inoculums may skew apparent outcomes. Caution should 521 be taken in interpreting such data, as observed differences may be due to differences in 522 expression of phase variable traits rather than the targeted mutations. Growth and maintenance of bacterial strains 537 C. difficile strains were maintained in an anaerobic environment of 85% N 2 , 5% CO 2 , 538 and 10% H 2 . C. difficile strains were cultured in Tryptone Yeast (TY; 30 g/liter Bacto 539 tryptone, 20 g/liter yeast extract, 1 g/liter thioglycolate) broth or Brain Heart Infusion plus 540 yeast (BHIS; 37 g/liter Bacto brain heart infusion, 5 g/liter yeast extract) media at 37 °C with static growth. Escherichia coli strains were grown in Luria Bertani medium at 37 °C 542 with aeration. Antibiotics were used where indicated at the following concentrations: 543 chloramphenicol (Cm), 10 µg/mL; thiamphenicol (Tm), 10 µg/mL; kanamycin (Kan), 100 544 µg/mL; ampicillin (Amp), 100 µg/mL. Table S1 lists descriptions of the strains and 545 plasmids used in this study. For whole colony imaging, colonies were grown on BHIS plates for 24 hours prior to 560 imaging. For strains containing plasmids, the BHIS agar medium contained 10 µg/mL 561 Tm. For strains carrying pDccA, pDccA mut , pEAL, or pMC-Pcpr, 2 µg/mL nisin was 562 included to induce gene expression. For strains with pCmrR, pCmrT, or mutant 563 derivatives, anhydrotetracycline (ATc) was added at the indicated concentrations.
Colonies were imaged at 20-80x magnification using a Zeiss Stereo Discovery V8 565 dissecting microscope with a glass stage and light from the top.
566
For Gram stain imaging, rough or smooth colonies were differentiated as 567 previously described and heat fixed on a glass slide. Cells were Gram-stained (BD Kit 
Quantitative PCR analysis of invertible element orientations
Hamster cecal contents in PBS were treated with lysozyme and subjected to bead 678 beating to lyse spores. DNA was purified by phenol:chloroform:isopropanol extraction 700 701 Germination assays 702 C. difficile strains were grown in 500-ml liquid 70:30 medium and spores were purified 703 for germination studies as previously described, with some modifications (81, 86-88).
704
Cultures in sporulation medium were removed from the anaerobic chamber after 120 h 705 of anaerobic growth and kept outside of the chamber in atmospheric oxygen overnight.
706
Spore cultures were collected by centrifugation, suspended in water, and frozen for 15 707 min at -80°C. After thawing, spore suspensions were centrifuged for 10 min at ~3200 x 708 g in a swing bucket rotor, and the supernatant was discarded. Spore pellets were 709 washed two times with water then suspended in 1 ml of a 1x PBS + 1% BSA solution, 710 applied to a 12 ml 50% sucrose bed volume, and centrifuged at ~3200 x g for 20 min.
711
The supernatant was decanted and the spores were checked by phase-contrast 712 microscopy for purity. Sucrose gradients were repeated until the preparations reached a 713 purity of greater than 95%. Spore pellets were then washed three times with 1x PBS + 714 1% BSA and suspended to an OD 600 = 3.0. Germination assays were carried out as 715 previously described, with slight modifications (86, 87). After treatment of spores for 30 716 min at 60°C, spore germination was analyzed in BHIS containing 10 mM taurocholate 717 and 100 mM glycine. The OD 600 was determined immediately and at various time points 718 during incubation at room temperature. Results are presented as means and standard 719 errors of the means of three independent biological replicates. 
Detection of TcdA by western blot
Rough and smooth isolates as well as cmrR and cmrT mutants were grown for 24 hours 723 in TY broth and normalized to OD 600 ~ 1.8 prior to collection. Cells were pelleted, 724 suspended in SDS-PAGE buffer, and boiled for 10 minutes. Samples were then run on 725 4-20% Mini-PROTEAN TGX Precast Protein Gels (Bio Rad) and transferred to a 726 nitrocellulose membrane. TcdA was detected as described previously using a mouse α- 
